BACKGROUND: Despite decades of attempts to link infectious agents to preterm birth, an exact causative microbe or community of microbes remains elusive. Nonculture 16S ribosomal RNA gene sequencing suggests important racial differences and pregnancy specific changes in the vaginal microbial communities. A recent study examining the association of the vaginal microbiome and preterm birth documented important findings but was performed in a predominantly white cohort. Given the important racial differences in bacterial communities within the vagina as well as persistent racial disparities in preterm birth, it is important to examine cohorts with varied demographic compositions. OBJECTIVE: To characterize vaginal microbial community characteristics in a large, predominantly African-American, longitudinal cohort of pregnant women and test whether particular vaginal microbial community characteristics are associated with the risk for subsequent preterm birth. STUDY DESIGN: This is a nested case-control study within a prospective cohort study of women with singleton pregnancies, not on supplemental progesterone, and without cervical cerclage in situ. Serial mid-vaginal swabs were obtained by speculum exam at their routine prenatal visits. Sequencing of the V1V3 region of the 16S rRNA gene was performed on the Roche 454 platform. Alpha diversity community characteristics including richness, Shannon diversity, and evenness as well as beta diversity metrics including Bray Curtis Dissimilarity and specific taxon abundance were compared longitudinally in women who delivered preterm to those who delivered at term. RESULTS: A total of 77 subjects contributed 149 vaginal swabs longitudinally across pregnancy. Participants were predominantly AfricanAmerican (69%) and had a preterm birth rate of 31%. In subjects with subsequent term delivery, the vaginal microbiome demonstrated stable community richness and Shannon diversity, whereas subjects with subsequent preterm delivery had significantly decreased vaginal richness, diversity, and evenness during pregnancy (P < .01). This change occurred between the first and second trimesters. Within-subject comparisons across pregnancy showed that preterm birth is associated with increased vaginal microbiome instability compared to term birth. No distinct taxa were associated with preterm birth. CONCLUSION: In a predominantly African-American population, a significant decrease of vaginal microbial community richness and diversity is associated with preterm birth. The timing of this suppression appears early in pregnancy, between the first and second trimesters, suggesting that early gestation may be an ecologically important time for events that ordain subsequent term and preterm birth outcomes.
Introduction
Preterm birth, or delivery at less than 37 weeks of gestation, complicates 12% of pregnancies in the United States 1 and has been appropriately termed "the principal unsolved problem in perinatal medicine." 2 Decades of research has attempted to link maternal infections and inflammation to preterm birth, but an exact causative microbe or microbial community remains elusive in the preponderance of cases. For example, the association between maternal genitourinary infections in pregnancy and the risk for preterm birth has been demonstrated repeatedly, 3 -10 yet antibiotics have not been shown to prevent preterm birth, [11] [12] [13] [14] and in some cases treatment is associated with a paradoxically increased risk of preterm delivery. 15 These data likely reflect our incomplete understanding of normal and abnormal vaginal microbial communities during pregnancy.
The advent of nonculture characterization of microbial communities using 16S ribosomal RNA (16S rRNA) gene sequencing offers a much broader understanding of vaginal microbial communities. Seminal work by Ravel et al 16 demonstrated that vaginal communities of asymptomatic, nonpregnant, reproductive age women clustered into 5 distinct "community-state types," which differed both by dominant Lactobacillus species as well as overall community composition. A much greater proportion of African-American and Hispanic women harbored a non-Lactobacilluse dominant community, suggesting that in some women a non-Lactobacillusebased vaginal community may be a normal variant. This finding challenges longheld beliefs about the definition of normal and abnormal vaginal microbiota. Other groups have documented that the vaginal microbiome during pregnancy differs from that of the nonpregnant vaginal microbiome, 17, 18 suggesting that the physiology of pregnancy itself alters the microbial composition of this niche.
In view of the pregnancy-dependent composition of the vaginal microbiome, the considerable racial differences in the microbial composition of the vagina and in rates of preterm birth, and conflicting findings of recent studies, [19] [20] [21] it is important to further test the hypothesis that differences in vaginal microbial community structure during pregnancy are associated with preterm birth. A recent study examined vaginal microbial composition and the risk for Original Research ajog.org preterm birth but had very few AfricanAmerican subjects and few preterm births. 21 Here, we characterize vaginal microbial community characteristics over time in a large predominantly African-American cohort of pregnant women and test whether particular community characteristics are associated with the risk for subsequent preterm birth.
Materials and Methods

Participants and clinical data
We performed a nested case-control study within a prospective cohort of pregnant women receiving prenatal care at a single tertiary care institution from 2012 to 2015. The Washington University Human Research Protection Office approved this study (HRPO 201202015) . Inclusion criteria were singleton gestation, willingness to undergo speculum examination for vaginal sampling, and provision of informed consent. Exclusion criteria were planned or in situ cervical cerclage and planned or current vaginal or intramuscular progesterone therapy. Participants were followed throughout their prenatal course with serial vaginal swabs obtained at routine prenatal visits. Subject demographic data, medical history, and clinical obstetric outcome data were collected by trained research staff as the patient progressed through prenatal care. Race was self-reported. Gestational age was determined by best obstetric estimate by use of the last menstrual period and earliest ultrasound data available. Microbial characteristics were compared between cases, defined as preterm birth <37 weeks of gestation) and term birth controls (delivery !37 weeks of gestation).
Sample collection and DNA extraction
Speculum examinations were performed by the treating obstetrician to obtain mid-vaginal collections. After speculum was inserted into the vaginal canal, a sterile, dual-tipped rayon swab (Starplex Scientific, Ontario, Canada) was applied to both lateral walls of the vaginal canal 3e5 times per sidewall. The swab was then placed into the sterile collection tube, immediately stored at e20 C until transportation to the laboratory, and then frozen ate80 C until DNA extraction.
DNA was extracted according to the protocol used by the Human Microbiome Project. 22 Genomic DNA was isolated via use of the manufacturer protocol from the MO BIO PowerSoil DNA Isolation Kit (MO BIO Laboratories, Carlsbad, CA). All extracted samples were stored in solution at e80 C until sequencing. DNA concentration was quantified by Qubit (ThermoFisher Scientific, Waltham, MA). Samples were binned by allowing one mismatch in the barcodes. Reads were filtered out if the average quality scores were less than 35 and/or read length less than 200 base pairs. Chimeric sequences were removed with the use of ChimeraSlayer. Three samples with <1000 reads were excluded from the analysis. Reads passing quality control were then classified from phylum to genus level with the Ribosomal Database Project Naive Bayesian Classifier (version 2.5, training set 9; https://rdp.cme.msu.edu/). Taxa assigned with less than 0.5 confidence were reassigned to the next higher taxonomic level in which the classification threshold was greater than 0.5. To classify the Lactobacillus reads into species, we built a local database containing all the 16S rRNA genes of Lactobacillus species from the NCBI database and blasted the processed V1V3 reads to the Lactobacillus species database. If a read had the same bit score for more than one Lactobacillus species, it was designated as "unclassified Lactobacillus."
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Statistical analyses
Each sample was subsampled to the lowest number of read counts among samples in the dataset and rarefied to 2000 reads. The abundance of a taxon in a sample was indicated as the relative abundance, which was calculated by dividing the number of reads for a taxon by the total read counts of the sample. Alpha diversity indices including richness, Shannon diversity, and Pielou's evenness index were calculated as described. 26 To test the change of alpha diversity across pregnancy in preterm and full-term birth groups, we applied linear mixed regression with logtransformed alpha diversity index (richness, Shannon diversity, and Pielou evenness) as the response variable, 3 trimesters, and delivery status (term or preterm) as fixed variables, and subjects as random effects. We also included an interaction term of trimester and term vs preterm groups in the model. We used Wilcoxon-rank sum testing to measure the significance of differences in richness, Shannon diversity, and Pielou's evenness in each trimester for women with subsequent preterm birth compared with women whose pregnancies went to term.
To examine beta-diversity between term and preterm samples, we performed nonmetric multidimensional scaling (NMDS) plots and used permutational multivariate analysis of variance to determine statistical differences between term and preterm samples at each trimester. In addition, we examined microbiome community stability using Bray-Curtis dissimilarity in samples ajog.org OBSTETRICS Original Research from the same subject between trimesters 1 and 2 and trimesters 2 and 3. Stability differences between subjects with term and preterm birth were performed with a t test. Taxon-specific analysis was performed with taxa with representation >1% for the whole cohort and heatmaps were generated by clustering term and preterm birth outcomes by trimester to examine community composition in Lactobacillus-dominant and Lactobacilluspoor communities. Differences in specific individual taxa between term and preterm groups in each trimester were tested by Wilcoxon rank sum.
All analyses were performed in R (www.r-project.org) and Stata 12.0 (College Station, TX) statistical programs. Two-tailed P values <.05 were considered as statistically significant unless otherwise stated.
Results
Cohort and specimen characteristics
Seventy-seven subjects contributed 149 vaginal swabs for analysis including 27, 61, and 61 swabs from the first, second, and third trimesters, respectively. Most (69%) participants were AfricanAmericans. Of these 77 women, 24 (31%) subsequently experienced preterm birth, and 9 (37.5%) of these preterm births were attributed to spontaneous preterm labor or preterm rupture of membranes. The mean gestational age of delivery in the preterm group was 33 weeks vs 38 weeks in the term birth group (Table 1) . Women who delivered at term did not differ significantly from those who delivered preterm with respect to race, body mass index, tobacco use, diabetes, parity, or history of previous preterm birth.
The 149 swab specimens produced a total of 1,158,489 processed V1V3 reads, averaging 7775 reads/sample. Table 2 demonstrates gestational age of delivery, gestational ages of swab collection, and indication for delivery for all subjects who delivered preterm. A graphical representation of longitudinal sample collection for all subjects in the cohort relative to delivery timing is available in Supplemental Figure 1 . Characteristics of women who were enrolled in the first trimester were similar to those who enrolled later in pregnancy, except that women with pregestational diabetes were more likely to be enrolled in the first trimester.
Vaginal community characteristics of pregnancies with term and preterm delivery
Alpha diversity statistics of the vaginal community in women with term and preterm birth are demonstrated in Figures 1 and 2 . In both groups, there is a visually perceptible downward trend as pregnancy progressed. However, among women who delivered at term, vaginal community richness and Shannon diversity remained stable (P ¼ .14 and P ¼ .07), and Pielou's evenness decreased modestly (P ¼ .04) (blue band in Figure 1 ). In contrast to the relatively stable richness and diversity noted in vaginal community content in women whose pregnancies ended at term, in women who subsequently delivered preterm, richness (P < .001), Shannon diversity (P < .001), and Pielou's evenness (P < .001) decreased significantly over pregnancy (yellow band in Figure 1 ).
Vaginal community richness, diversity, and evenness remained stable in the subgroup of African-American women who gave birth at term (P ¼ .11, P ¼ .09, and P ¼ .08, respectively) (blue band in Figure 2 ). In contrast, richness (P < 0.001), diversity (P ¼ .003), and Pielou evenness (P < .001) significantly decreased across pregnancy in African-American women who delivered preterm (yellow bands in Figure 2 ). The timing of the decrease in alpha diversity appears to occur between trimester 1 and 2 in the overall cohort and in the subgroup of African-American women.
We next sought to determine whether vaginal community alpha diversity indices in any single trimester of pregnancy differed between women who delivered preterm compared with ajog.org
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those who delivered at term. In the overall cohort as well as in the AfricanAmerican subgroup, the greatest magnitude of difference between term and preterm birth occurred in the first trimester. In the full cohort, first trimester vaginal community richness, Shannon diversity, and Pielou's evenness was greater in women who subsequently delivered preterm, but the cross-sectional differences at this single time point alone were not statistically significant (P ¼ .4, P ¼ .3, P ¼ .3, respectively (blue vs yellow dots, first trimester, Figure 1 ). Likewise, in the African-American subgroup, firsttrimester samples from women with subsequent preterm birth followed the same pattern with greater absolute richness, diversity, and evenness compared with first-trimester samples with subsequent term birth, but these comparisons were not statistically different (blue vs yellow dots, first trimester, Figure 2 ). Alpha diversity pairwise comparisons in the second and third trimesters did not differ between women whose pregnancies ended prematurely vs those whose pregnancies went to term, in both the total cohort and the subgroup of African-American women. The V3V5 amplicon alpha diversity analysis demonstrated identical patterns to those from the V1V3 amplicon and are provided in Supplemental Figures 2 and 3.
Characteristics of vaginal microbial community in non-AfricanAmerican women
Because our population was predominantly African-American, the numbers of specimen and preterm birth outcomes in women of non-African American backgrounds were too small for meaningful statistical analyses. Nonetheless, despite the constraints of the sample size, the trends in the non-African-American women did differ from those in the African-American women with overall lower richness and diversity (Supplement Figure 4) .
Beta-diversity measures: withinsubject vaginal microbiome stability over pregnancy
We next examined stability of the vaginal microbiome in subjects with paired first-and second-trimester swabs and those with paired secondand third-trimester swabs using the Bray-Curtis dissimilarity. There was a trend toward greater instability in vaginal communities between trimester 1 and trimester 2 in women with preterm birth compared with term birth, but the differences were not statistically significant (Figure 3 ). However, there was significantly more instability between trimester 2 to trimester 3 in women with preterm birth than those with term birth in both the full cohort (P ¼ .01; Figure 3 , A) as well as the African-American cohort (P ¼ .04; Figure 3 , B). These data suggest that preterm birth is associated with vaginal community instability.
Beta-diversity when NMDS plots were used did not demonstrate useful discrimination patterns between term and preterm birth in any trimester of pregnancy for V1V3 and V3V5 amplicons. Clusters of observations noted in NMDS plots contained outcomes of both term and preterm birth as well as both African American and non-African American subjects and were not significantly different by permutational multivariate analysis of variance testing Richness, Shannon diversity, and Pielou evenness (genus level V1V3) of the full cohort are shown. Blue indicates term birth; yellow indicates preterm birth; lines represent regression lines from mixed models; and shaded areas represent 95% confidence intervals. Term birth shows stable richness (P ¼ .14), stable Shannon Diversity (P ¼ .07), and stable Pielou evenness (P ¼ .04) over pregnancy. Preterm birth shows significant decrease in richness (P < .001), Shannon diversity (P < .001), and Pielou evenness (P < .001) over pregnancy. Term vs preterm birth in single-trimester comparisons showed no significant difference in pairwise comparisons within a single trimester. (V1V3 in Supplemental Figure 5 and V3V5 in Supplemental Figure 6 ).
Taxon abundance
We next examined whether specific taxa differed in women destined for preterm birth. In all trimesters of pregnancy, regardless of birth outcome and race, the dominant taxon is Lactobacillus, and predominantly L. iners and L. crispatus. Single Lactobacillus species examination demonstrated that abundances of specific Lactobacillus species were neither protective nor harmful in any trimester of pregnancy in association with preterm birth (Supplemental Figure 7) . In addition, Gardnerella abundance was examined by the use of V3V5 data, and there were no significant differences in Gardnerella abundance in women with term vs preterm birth in any trimester (Supplemental Figure 8) . Ureaplasma was increased marginally among African-American women in trimesters 2 (P ¼ .07) and 3 (P ¼ .09) among those who delivered preterm (Supplemental Figure 9 ). However, no single taxon comparison in any trimester of pregnancy was statistically associated significantly with term or preterm birth outcomes. We used heat maps to visualize taxonomic composition clustered by term and preterm birth outcomes as well as by trimester of pregnancy according to V1V3 and V3V5 data (Figure 4 ). Both
Lactobacillus-dominant and Lactobacillus-poor communities occurred in all trimesters of pregnancy and in samples from both term and preterm birth outcomes. In highly Lactobacillusdominant communities (dark red Lactobacillus bar) there were fewer rare taxa present, whereas in Lactobacilluspoor communities (lighter red to yellow Lactobacillus bar) other taxa such as Prevotella, Sneathia, Atopobium, Mycoplasma, and other taxa are more abundant. Gardnerella was detected more commonly in low Lactobacillus abundance communities (Figure 4, B) .
Comment
In this large, predominantly AfricanAmerican cohort of pregnant women sampled across multiple trimesters, we found the vaginal bacterial community in women whose pregnancies ended at term demonstrated stability of richness and diversity during pregnancy, whereas in women with subsequent preterm birth, community richness and diversity significantly decreased early in pregnancy. The inflection point for change in richness and diversity associated with preterm birth appears to be between the first and the second trimesters, with a pattern of greater alpha diversity noted in the first trimester. In addition, within-subject serial vaginal samples in women with subsequent preterm birth were more dissimilar than in women who delivered at term, suggesting that the vaginal microbiome associated with preterm birth may be less stable than that associated with term birth. The low diversity communities were comprised almost entirely of Lactobacillus species, whereas highdiversity communities contained Lactobacillus of varying abundance but also contained taxa such as Lachnospiraceae, Atopobium, Prevotella, Megasphaera, Sneathia, Mycoplasma, and Gardnerella. However, no specific taxon or taxa distinguished preterm from term births. Richness, Shannon diversity, and Pielou evenness (genus level V1V3) of the African-American cohort are shown. Blue indicates term birth; yellow indicates preterm birth; lines represent regression lines from mixed models; and shaded areas represent 95% confidence intervals. Term birth shows stable richness (P ¼ .11), stable Shannon Diversity (P ¼ .09), and stable Pielou evenness (P ¼ .08) over pregnancy. Preterm birth shows significant decrease in richness (P < .001), Shannon diversity (P ¼ .003), and Pielou evenness (P < .001) over pregnancy. Term vs preterm birth in single-trimester comparisons showed no significant difference in pairwise comparisons within a single trimester. ajog.org
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DiGiulio et al 21 recently reported the absence of longitudinal changes in the vaginal microbiome during pregnancy. Their cohort had fewer subjects, only 2 African-American women, and only 15 women delivered preterm, although they used a more frequent sampling strategy. In contrast, we identified a candidate signature for preterm birth with an association between changing community diversity and instability over pregnancy in preterm birth, with the most pronounced changes occurring among African-American women. In view of the known racial influence on vaginal microbial content, 16, 19 ,27 these interstudy differences might be explained by the different demographic composition of the study populations. Notably, the Shannon diversity scores reported by DiGiulio et al resemble the correspondingly low scores we noted in our nonAfrican-American population (Supplemental Figure 2) . Similar to our findings, their data suggest that vaginal communities associated with preterm birth were detectable early in pregnancy, suggesting that early pregnancy may be an important ecological time in the vaginal community. Our data also suggest that early vaginal community fluctuation may be a marker for preterm birth, and changes may not immediately precede preterm delivery.
Even with evidence of a significant change in richness and diversity associated with preterm birth, single trimester time-point comparisons alone were not informative. In addition, within-subject analysis of beta-diversity suggests less similarity or more instability of serial samples within a woman with a preterm birth compared with those in a woman with a term birth. This suggests that predicting preterm birth from vaginal microbiome community structure is not as simple as finding a highly diverse community, specific community type, or specific taxa at a single time point in pregnancy and that kinetics of community composition need to be considered.
Our data, like those of previous investigations, 20 identify no single taxon or community of taxa that correlates exactly with pregnancy outcome. Romero et al 20 analyzed multiple bacterial phylotypes and found than no specific bacterial phylotype was associated with preterm birth. Likewise, in our taxa abundance analyses neither Lactobacillus species abundance nor other rarer taxa in Lactobacillus-poor communities such as Gardnerella were individually significant markers for preterm birth. Although Ureaplasma was increased in the second and third trimesters of African American women who subsequently delivered preterm, the difference was not statistically significant. Also, although the change noted in Ureaplasma could be attributed to chance, it is intriguing that Ureaplasma, found in greater abundance in women with a preterm birth in this cohort, has been associated previously with adverse pregnancy outcomes, including preterm birth. 3, [28] [29] [30] [31] [32] [33] However, our current data suggest that the presence, absence, or abundance of specific taxa alone is not categorically sufficient for the prediction of subsequent term or preterm birth.
Our cohort's high proportion of preterm births adds to the literature on the association between changes in the Bray-Curtis dissimilarity within subjects across pregnancy
A B
Bray-Curtis dissimilarity for A, entire cohort and B, African-American cohort for subjects with paired samples in trimester 1 and 2 and paired samples in trimester 2 and 3. Yellow indicates preterm birth and blue indicates term birth. In both the full cohort and the African American cohort, preterm birth samples show significantly more dissimilarity to each other in the second and third trimesters than term birth samples, suggesting that preterm birth outcomes are associated with a less-stable vaginal community. Original Research OBSTETRICS ajog.org vaginal microbial community and preterm birth. The high proportion of African-American women is a unique and informative feature of our analysis, especially as previous studies included predominantly non-African-American subjects. However, we acknowledge several study limitations. As with any observational study, differences between groups reflect associations and not necessarily causation. Although our sample size is similar to or larger than those in previous studies, it was still too small to allow reliable statistical comparisons among non-African-American women. Nonetheless, the low diversity scores noted even in the small population of non-African-American patients of our study cohort is consistent with data from predominantly non-AfricanAmerican populations in other reports 19, 21 and warrants further analysis. We obtained the fewest samples from women in their first trimester, but based on our findings, it appears to be an important time frame to study the vaginal microbiome for differences relevant to preterm birth. It is possible that the first-trimester single time point comparisons that were not significantly associated with preterm birth may be underpowered. Likewise, the betadiversity measures examining stability from trimester 1 to trimester 2 also may be underpowered. The importance of the first trimester is illuminated both in Heat map of all samples in cohort clustered by term and preterm birth and trimester of pregnancy Heat map of all samples from cohort showing all organisms comprising at least 1% of the community. A, V1V3 amplification; B, V3V5 amplification. In the left bar, blue indicates term birth and yellow indicates preterm birth. In the right bar, light gray indicates trimester 1, medium gray indicates trimester 2, and black indicates trimester 3. In the histogram, darkest red indicates greatest abundance; shades of red indicate relatively less abundance; and pale yellow indicates low abundance or not present. This heatmap demonstrates Lactobacillus-dominant communities and Lactobacillus-poor communities are present in all trimesters of pregnancy and in both term and preterm birth outcomes. In the most Lactobacillus-dominant communities, there is a paucity of other taxa present, whereas in Lactobacillus-poor communities, there is a greater abundance of other taxa such as Prevotella, Sneathia, Atopobium, Mycoplasma, and others. Gardnerella abundance (seen best in B) is more common in Lactobacillus-poor communities. and highlights the need for future studies to adequately sample women early in pregnancy. Although women enrolled in the first trimester were clinically similar to those enrolled later in pregnancy, it is unknown whether there are systematic differences in the microbiology of women who present for obstetric care earlier in gestation. Also, we included all preterm births in our analysis. Although vaginal microbiological abnormalities classically are associated with spontaneous preterm birth, spontaneous and indicated preterm births are competing outcomes, and are not always accurately categorized. 34 In addition, our understanding of the association between vaginal bacterial communities and adverse pregnancy outcomes is still in its infancy. For these reasons, we chose a more general and agnostic approach to analyzing all preterm births, regardless of reason for the delivery.
In summary, this large cohort study of predominantly African-American pregnant women sampled longitudinally throughout pregnancy shows that a significant decrease in community richness and diversity and less stability of the vaginal microbiome is associated with preterm birth. Future studies should focus on the first-to second-trimester microbial changes, well in advance of the outcome of interest. n 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  66  67  68  69  70  71  72  73  74  75 76 77
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Yellow indicates preterm, blue indicates term birth, gray bars indicate gestational age of delivery, and S indicates spontaneous preterm birth. Original Research OBSTETRICS ajog.org
